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論文内容要約 
A skin-friction field measurement technique is developed, which uses the global luminescent oil-film 
(GLOF) surface flow visualization method. A skin-friction field deforms an oil-film applied on an object 
surface. Figure 1 shows a diagram of the velocity profiles of the oil-film and the air flow.  
 
Figure 1 Diagram of velocity profiles of oil film and airflow. 
The spatio-temporal oil film distribution is visible by its luminescent intensity and can be recorded by a 
camera system. Figure 2 shows the projection of the luminescent of the oil-film to the camera.  
 
Figure 2 Projection from an object surface to image space. 
By solving an inverse problem of the physical model of the oil film, the thin-oil-film equation, the 
skin-friction field can be obtained. The GLOF method has a high potential to be widely used since it can be 
applied with existing flow-visualization equipment. This dissertation is dedicated to the establishment of the 
GLOF measurement method, and consists of image data analysis methodology, calibration methods, 
evaluation methods, experimental validations, and examples of applications. The dissertation contributes to 
providing the useful skin-friction field measurement method with reliability and repeatability.  
First, an image analysis method based on the linear least-square (LLS) method is developed. The 
thin-oil-film equation, along with given oil-film image data and an estimating skin-friction field, is defined as 
a linear system. When the skin-friction field is time-independent, the system becomes an overdetermined 
system, and the inverse problem can be solved by the LLS method. In previous researches, a skin-friction 
field was estimated from a pair of images and averaging subsequently, so-called the snapshot solutions 
averaging (SSA) method. The estimation was based on an optical-flow algorithm that requires an arbitrary 
parameter. The result of the LLS-based method has consistency because the method does not require an 
arbitrary parameter. The thin-oil-film equation in matrix form is defined along with the numerical schemes 
of the partial derivatives, and the solution is presented. Evaluation methods such as the coefficient of 
determination and normalized root-mean-square error are defined. From the numerical solution, the error 
propagation equation is given, and the image noise sensitivity is defined. The defined formulations are used 
to investigate the quality of the measurement and image analysis throughout this research.  
Both the SSA method and the LLS-based method are examined by processing oil-film images generated 
from numerical simulations, and the results are compared. The results show that the SSA method has low 
image-noise sensitivity, but there was an image dependency, which is not intended. On the other hand, the 
LLS-based method yields consistent results, and the relationship of image patterns, image noise, and 
sample number to the image-noise sensitivity was elucidated. An experimental dataset obtained from a 
cylindrical protrusion in a supersonic flow was processed, and the results are compared. Figure 3 shows the 
comparison of the analysis results from both of the methods, applied to the experimental dataset. The 
topology analysis shows that the result of the LLS-based method has more detailed flow structures than 
that of the SSA method.  
 
Figure 3 Skin friction lines in the supersonic circular junction flow GLOF images processed by (a) 
the LLS-based method and (b) the SSA method.  
Next, the accuracy of the GLOF measurement with the LLS-based method is evaluated. An experiment 
on a turbulent boundary layer without a pressure gradient was conducted. The GLOF measurement is 
compared with the Clauser chart method, which using a velocity profile measured by a traditional hot-wire 
anemometer. The results (Figure 4) showed good agreement when the mean oil-film thickness is less than 
the viscous sublayer thickness (five wall units). The surface roughness formed by the oil-film shape is a 
function of the mean oil-film thickness, and the skin friction increased when the oil-film surface became 
hydraulically rough.  
 
Figure 4 Measured skin-friction coefficients against oil-film thickness. The GLOF measurement results are 
compared with a conventional measurement technique using hot wire.  
The measurement process is established, which is consists of calibrations, image acquisitions, and the 
image process. The calibration determines parameters such as the oil viscosity, the spatial resolution, the 
time interval, and the coefficient of image-intensity to oil-thickness. The normalized skin friction calculated 
from GLOF images has uncertainty caused by the given image uncertainty. The uncertainty of each 
measurement step is defined and analyzed. When the measurement conditions such as illumination, 
exposure time, frame rate, and oil height are most suitable, the total uncertainty was approximately 3–4%. 
The primary uncertainty sources were oil temperature measurement and image noise. The oil viscosity has 
high-temperature sensitivity, and the image noise sensitivity to the normalized skin friction is also high.  
Finally, a transonic wind tunnel test is presented to prove the capability of the GLOF measurement 
technique in practical applications. The object of the skin-friction field measurement was a supercritical 
airfoil model, which had the VA-2 profile, 1-meter chord, and 1-meter span, and was installed at the 
Transonic Wind Tunnel in Göttingen of the German-Dutch Wind Tunnels (DNW-TWG). The flow conditions 
were a Mach number of 0.72, the total pressure of 80 kPa, the total temperature of 310 K, and the Reynolds 
number based on the chord was 10 million. The flow condition is a challenging for the skin-friction 
measurements, because the boundary layer is thin, and the flow is sensitive to surface roughness. Physical 
and numerical constants are defined, and the determination of the measurement parameters to obtain the 
proper result is presented. The optical access was available from the sidewall of the test section, and the 
angle of the object surface to the camera had approximately 60 degrees. Therefore, photogrammetric 
calibration of the camera was performed to project the obtained images to the model surface domain. 
The oil-film distribution and the skin-friction coefficient distributions were measured, and the flow 
phenomena such as the laminar-turbulent transition and the shock-wave/boundary-layer interaction were 
confirmed. The roughness scale of the oil film does not exceed the tolerance in the laminar region. The 
skin-friction in the laminar region could be measured, and the laminar-turbulent transition positions were 
obtained. In the turbulent region, however, the mean oil-film thickness exceeded the viscous sublayer 
thickness, and the skin friction was larger than expected. Turbulent wedges caused by particles, depression, 
edges of base coat were confirmed, and increased wake deficit was measured. At an angle of attack of 1.8 
degrees, the skin-friction distribution showed the turbulent wedge interacting with the shock wave. 
Conditions to improve the accuracy of the measurement are suggested. 
 
